The operating temperatures of current electrochemical energy storage devices are limited due to electrolyte degradation and separator instability at higher temperatures. Here we demonstrate that a tailored mixture of materials can facilitate operation of supercapacitors at record temperatures, as high as 2006C. Composite electrolyte/separator structures made from naturally occurring clay and room temperature ionic liquids, with graphitic carbon electrodes, show stable supercapacitor performance at 2006C with good cyclic stability. Free standing films of such high temperature composite electrolyte systems can become versatile functional membranes in several high temperature energy conversion and storage applications.
The operating temperatures of current electrochemical energy storage devices are limited due to electrolyte degradation and separator instability at higher temperatures. Here we demonstrate that a tailored mixture of materials can facilitate operation of supercapacitors at record temperatures, as high as 2006C. Composite electrolyte/separator structures made from naturally occurring clay and room temperature ionic liquids, with graphitic carbon electrodes, show stable supercapacitor performance at 2006C with good cyclic stability. Free standing films of such high temperature composite electrolyte systems can become versatile functional membranes in several high temperature energy conversion and storage applications.
T
here have been several innovations in the electrochemical storage area during the last decade to address the critical demands of power delivery [1] [2] [3] [4] [5] [6] [7] [8] . Recently new materials such as graphene and its derivatives have been used as electrodes in applications such as supercapacitors and batteries [9] [10] [11] [12] . Of the several issues being addressed for electrochemical energy storage devices, high temperature capabilities for powering sensors in oil drilling industries (downhole temperatures are above 120uC), military and space applications has not yet fully addressed. The limiting factor for these device to work at high temperature is the stability of the electrolyte 13 . The conventional aqueous electrolytes, though easy to handle, cannot sustain high temperatures 2, 14 . The use of organic electrolytes, dissolved in organic solvents such as acetonitrile 15 with low boiling points (,80uC), limit them for use at higher temperatures 13 . Room-temperature ionic liquids (RTILs) have been considered as alternative electrolytes to address the issue of high temperature stability 16 . RTILs have several advantages such as low vapor pressure, non-flammability, thermal stability, low toxicity and large electrochemical potential window. The drawback of using them in conventional devices is their lower ionic conductivity at lower temperatures, due to their high viscosity. As RTIL's have higher thermal stability, at elevated temperatures, they become less viscous and hence have better ionic conductivity. This makes them apparent candidates for high temperature energy devices and have already been used in devices up to 100uC 13 . Though RTIL's can withstand much higher temperatures, another component of the energy storage device, the separator, which encapsulates the electrolyte and acts as the ion-permeable membrane separating the electrodes limits the temperature stability 17 . Several separators such as cellulose papers, cellophane fabrics, polymers, asbestos, glass wool etc., have been used for ambient temperature operations but are not reliable at higher temperatures as they shrink at elevated temperatures and leads to electrical shorts in the device. Some advances have combined the electrolyte and separator into a single component, by developing a family of solid and gelled electrolytes [18] [19] [20] [21] [22] . None of the above however has been shown to operate above 100uC with good cyclic stability. Here, we demonstrate a unique composite separator/ electrolyte membrane, consisting of RTIL and naturally occurring clay material, resulting in excellent thermal stability and good ionic conductivity allowing energy storage devices to perform stably up to 200uC with good cycling capabilities.
Results
First, in order to use RTIL for high temperature applications, its thermal inertness during cycling and its ionic conductivity are critical; therefore, BMMI-TFSI was chosen as electrolyte for this study [23] [24] [25] [26] . Ionic conductivity as a function of temperature was studied by conducting electrochemical impedance spectroscopy measurements from room temperature to 100uC. Ionic conductivity of BMMI-TFSI is observed to be in the order of mS/cm and increases with increase of temperature; the trend is consistent with other reported works (see supporting information figure S1) 25, 26 . A supercapacitor standard test cell was fabricated using BMMI-TFSI as an electrolyte, celgard separator (,20 mm thick) and RGO as electrodes. RGO was obtained by chemical reduction of graphite oxide (GO) and coated on to stainless steel current collectors (see supporting information for characterization; Figure S2 and S3). The electrochemical properties of the test cell were investigated by cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) measurements. Recorded cyclic voltammograms at different temperatures (room temperature and 100uC) are shown in supporting information Figure S4 . Stable and rectangular shapes of the voltammogram, symmetric in anodic and cathodic directions, at different temperatures were observed at scan rate of 60 mV.s
21
. The increase in area of the CV curve with increase of temperature indicates an enhancement in the specific capacitance, which can be attributed to effective utilization of electrode material by the electrolyte and also its improved ionic conductivity. Specific capacitance reached values greater than 70 F/g at 100uC. Galvanostatic charge-discharge measurements were conducted at room temperature and 100uC, and the resultant voltage vs time curves for the RTIL electrolyte based supercapacitor at 100uC is shown in supporting information Figure S4 . The results are in agreement with literature using ionic liquids as electrolyte 27 , however shows a lower capacitance than other reports that use addition of solvents to decrease the ionic liquid viscosity 9 . These supercapacitors with RTIL electrolyte and celgard separators had good performance as expected until 100uC but they cannot withstand temperatures any higher. To improve the thermal stability of the system, naturally occurring Bentonite clay is mixed with the RTIL and used as a separator/electrolyte composite membrane (see supporting information Figures S5-S8 for the characterization of the clay and the clay:RTIL materials). Figure 1A shows the schematic depiction of the operating principle and individual components of Clay:RTIL electrolyte based supercapacitor device. Bentonite clay (from Southern Clay Products) has 99% purity with platelet size of 500-1000 nanometers across and 1 nanometer thick. A homogenous mixture of this clay and RTIL, 1-Butyl-2,3-dimethylimidazolium bis(trifluoromethylsuphonyl)imide (BMMI-TFSI) was prepared and coated on to a reduced graphene oxide (RGO) electrode. Figure 1B shows the scanning electron micrographs of the interface a contiguous one, between the electrode and the separator/electrolyte. The RTIL infused clay is thermally inert and does not show any visual change upon heating until 200uC as seen from the optical images in Figure 1C . The Photographs were taken one hour after samples reached the indicated temperature, color variation is observed only after heating it to 300uC.
Electrochemical and thermal properties of BMMI-TFSI were characterized to validate its candidature. Absence of any noticeable electrochemical reduction and oxidation reactions between 23.0 V to 13.0 V from the cyclic voltametry measurement seen in Figure 2A indicates that BMMI-TFSI can be successfully employed for 6 V electrochemical window applications; this result is in agreement with previous reports 23, 24 . The optimum composition of the mixture was deduced by measuring the temperature stability and ionic conductivity at various ratios of clay to RTIL. A 151 (w/w) ratio was observed to have the best performance. To confirm the thermal stability of the composite, thermogravimetric measurements were conducted on clay alone, RTIL alone and 151 (w/w) of clay:RTIL composite and compared in Figure 2B . It clearly shows that clay:RTIL composite can withstand up to 300uC without any significant mass degradation in air. Further, in order to understand the effect of temperature on ionic conductivities of clay:RTIL composite, impedance spectroscopy measurements were conducted at various temperatures (see supporting information Figure S8 and S9). The ionic conductivity of the composite increases almost linearly until 180uC and then saturates at 200uC ( Figure 2C ). For comparison, ionic conductivity of pristine RTIL is also shown along with clay:RTIL composite. The slight decrease in ionic conductivity of clay:RTIL composite as compared to pristine RTIL at all temperatures can be attributed to the clay induced higher viscosity for the electrolyte.
Having confirmed that the clay:RTIL composite membrane can survive temperatures until 200uC without compromising on the ionic conductivity, supercapacitor devices were fabricated using this composite membrane as the electrolyte/separator. The supercapacitor device in the configuration RGO/clay:RTIL/RGO is made with symmetric electrodes. The performance of the device was tested by conducting cyclic voltammograms measurements at different temperatures RT, 120 and 200uC ( Figure 3A) . The observed stable cyclic voltammograms at 200uC clearly indicates the successful formation of double layer within the electrodes without any electrical short circuit. The device can be operated up to a 2.5 V positive potential window without exhibiting significant pseudo-capacitance, however, the observed side reactions that can take place at high temperature and larger potential window could be due to the decomposition of trapped moisture in the clay system. Specific capacitance vs cycle number plots extracted from this data are presented in Figure 3B . It is seen that although there is a slight drop during the initial cycles, the device has a stable specific capacitance of 20 F/g and 40 F/g in 0-2 V, 0-2.5 V respectively even after 10,000 cycles of charge-discharge. The observed initial drop in the specific capacitance can be attributed to irreversible solid electrolyte interface reactions, a commonly observed phenomenon 28 . It is observed that energy density and power density of RGO/clay: RTIL/RGO supercapacitor increases with the increase of temperature. Figure 3C shows energy density vs power density plot of RGO/clay:RTIL/RGO supercapacitor with variation in temperature and voltage window. Two orders of magnitude increase in the power density of the supercapacitor observed at 200uC compared to room temperature is attributed to the significant increase in the ionic conductivity of the electrolyte at higher temperature. Self-discharge characteristics of these devices were also studied at various temperatures. The devices were charged to 2 V with a constant current of 10 mA and the voltage was held for 2 hours with a variable current and then allowed to undergo self-discharge with open terminals. Voltage was measured every 2 minutes and it is observed that the devices retained more than half their initial voltage even after 7 hours and 200uC ( Figure 3D ).
In order to increase the versatility of using the above separator/ electrolyte system, it would be easier to use a free standing film which can be cut into different shapes and sizes and inserted into any device. With further motivation of developing such a free standing membrane analogous to the Nafion membranes (commonly used in fuel cells), we added 10% (by weight) of Themoplastic poly(urethane) (TPU) to the clay:RTIL mixture. The composition was then cast into a film and peeled out, to form a free standing film as shown in Figure 4A . Ionic conductivities of this membrane (TPU:Clay:RTIL) as a function of temperature are extracted from electrochemical impedance measurements and shown in Figure 4B . The membrane is seen to have superior conductivity at higher temperatures, about two orders more at 200uC, than at room temperature. The addition of polymer to the clay:RTIL mixture reduces the conductivity at room temperature, but at elevated temperatures, the loss is minimal as seen from Figure 4B . We fabricated a supercapacitor device using RGO electrodes and TPU:Clay:RTIL membrane and studied its electrochemical properties. Recorded CVs at different temperatures over a 5.0 V electrochemical window are shown in Figure 4C . Again, the increase in area under CV curves is an indication of the enhanced capacitance at higher temperatures. Galvanostatic charge-discharge measurements were conducted at different temperatures, different potential widows and also at different current rates. Figure 4D summarizes the effect of temperature, potential window and applied current rates on the specific capacitance of the membrane based supercapacitor. A maximum specific capacitance of 33 F/g has been observed at 200uC for this membrane based supercapacitor. 
Discussion
The exchangeable cations between the tetrahedral layers of the clay can be mobilized with RTIL, 1-Butyl-2,3-dimethylimidazolium bis (trifluoromethylsuphonyl)imide (BMMI-TFSI), as shown in some reports where small cations existing between layers of clay were replaced by different ions [29] [30] [31] . In our case the mechanical grinding process to make the RTIL-clay mixture was designed to obtain a homogeneous electrolyte paste so as to facilitate good ion mobilization between the clay layers. As a result, the clay-RTIL composite performs a dual role of an electrolyte and a separator in the supercapacitor device, by providing ions to the reduced graphite oxide (RGO) symmetric electrodes while still electrically separating. It is observed that ionic conductivity of Clay:RTIL system enhances by three orders of magnitude as we move from room temperature to 200uC. This is mainly due to decrease in viscosity of RTIL at higher temperatures and hence resulted in better ionic conductivity; this is direct consequences of enhanced power density of supercapacitor at higher temperature.
From self-discharge characteristics of these devices, it is observed that these devices retained more than half their initial voltage even after 7 hours at 200uC. In order to have such good charge retention at higher temperatures, leakages in electrode material and also the interfaces between various components should be minimized. For RGO synthesis, high degree of reduction was achieved and was confirmed using thermogravimetric measurements (TG). RGO was coated uniformly on to current collectors and the resultant electrodes showed a conductivity of 3 mS cm 21 at room temperature.
To summarize, the high temperature electrochemical energy storage concept has been realized through developing a stable separator/ electrolyte composite. Operating temperature of up to 200uC for supercapacitors made using this composite has been demonstrated, owing to the high thermal stability of clay in the composite. The performance of these devices is found to be superior at higher temperatures due to increased ionic mobility of RTIL present in the composite. To facilitate ease of manufacturing a flexible polymer added membrane was also developed out of the clay-RTIL. The high temperature supercapacitor device built using RGO electrodes and clay-RTIL membrane electrolyte shows nearly twice an increase in the operational temperature range compared to any existing devices of our knowledge. The present work could provide solutions for several high temperature energy storage problems.
Methods
Characterization of 1-Butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide. The room temperature ionic liquid from Iolitec presents 99% purity and water content of less than 100 ppm, according to the supplier. Handling of the ionic liquid was carried out in a glove box Unilab MBraun under argon atmosphere, with water level less than 0.1 ppm and oxygen level less than 10 ppm. Electrochemical properties of the room temperature ionic liquid (BMMI-TFSI) were measured by cyclic voltammetry and electrochemical impedance spectroscopy (EIS). Electrical measurements were performed in an AUTOLAB PGSTAT 302 N ECOCHEMIE frequency analyzer. Cyclic voltammetry measurements were performed in different potential windows ranging from 1 V to 8 V with scan rate of 50 mV s
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, a stainless steel current collector was used. EIS experiments were conducted using a frequency range from 0.5 MHz to 0.5 Hz at 0 V with amplitude of 10 mV. Thermal stability of ionic liquid was obtained by thermogravimetric (TG) measurements performed in a TA Instruments SDT 2960 in air atmosphere at a Characterization of bentonite clay. The bentonite clay (from Southern Clay Products) has 99% purity, according to the supplier. Chemical structure of the clay was analyzed by Infrared and Raman measurements. The FTIR spectrum was made in a Perkin-Elmer BX spectrometer, in the Transmission mode. The sample was first dispersed in KBr and compressed to a compact pellet. The spectrum was acquired after 64 scans with a 4 cm 21 resolution. Micro-Raman experiments were made in a DILOR XY spectrometer using an OLYMPUS BH-2 optical microscope, with a 100 3 objective. The excitation in 514.5 nm with 3 mW of power was provided by an Ar-Kr laser. X-Ray diffraction (XRD) measurements were conducted in a Simens-D5000 diffractometer using a cooper tube and a scan rate of 4uC min
. The morphology of bentonite clay was observed by scanning electron microscopy (SEM). Images were obtained in a FEI QUANTA 200H scanning electron microscope using secondary electrons, without any cover over the samples. Thermal properties of bentonite clay were obtained by thermogravimetric (TG) measurements performed in a TA Instruments SDT 2960 in air atmosphere at a heating rate of 10uC min
. Approximately 15 mg of bentonite clay was used in TG measurements.
Fabrication and characterization of Clay:RTIL electrolytes. The new composite electrolyte based on bentonite clay and RTIL was prepared mixing appropriate ratio of each material using a mortar until obtain a homogenous paste like electrolyte. This electrolyte was spread onto a stain steel current collector in order to perform electrochemical measurements, cyclic voltammetry and electrochemical impedance spectroscopy (EIS). Electrical measurements were performed in an AUTOLAB PGSTAT 302 N ECOCHEMIE frequency analyzer. Cyclic voltammetry measurements were performed in different potential windows ranging from 1 V to 7 V with scan rate of 50 mV s
. EIS experiments were conducted using a frequency range from 0.5 MHz to 0.5 Hz at 0 V with amplitude of 10 mV. Thermogravimetric (TG) measurement of clay:RTIL electrolyte was performed in a TA Instruments SDT 2960 in air atmosphere at a heating rate of 10uC min 21 . Approximately 15 mg of electrolyte was used in TG measurements. Chemical structure of washed clay:RTIL composite was analyzed by Infrared measurement, the composite was prepared as described above, then washed at least ten times using distilled water to eliminate RTIL that was adsorbed in excess on clay structure. The sample was dried at 100uC for several hours, then dispersed in KBr and finally compressed to a compact pellet. The FTIR spectrum was made in a Perkin-Elmer BX spectrometer, in the Transmission mode. The spectrum was acquired after 64 scans with a 4 cm 21 resolution. The morphology of clay:RTIL was observed by scanning electron microscopy (SEM). Images were obtained in a FEI QUANTA 200H scanning electron microscope using secondary electrons, without any cover over the samples.
Fabrication and characterization of TPU:Clay:RTIL electrolytes. The new electrolyte membrane based on a thermoplastic polyurethane (Irogran PS455-203 from Huntsman), bentonite clay and RTIL was prepared mixing a paste like electrolyte (clay:RTIL) prepared previously with 10 wt% of polyurethane diluted in tetrahydrofuran (THF). This electrolyte solution was coated on a stain steel current collector in order to evaporate the solvent and obtain an electrolyte film. The electrochemical performance was measured by electrochemical impedance spectroscopy (EIS). Electrical measurements were performed in an AUTOLAB PGSTAT 302 N ECOCHEMIE frequency analyzer. EIS experiments were conducted using a frequency range from 0.5 MHz to 0.5 Hz at 0 V with amplitude of 10 mV.
Fabrication and characterization of RGO electrodes. Reduced graphite oxide (RGO) powder was obtained from hydrazine reaction using graphite oxide (GO) powder as precursor. GO was synthesized using Improved Hummer Method (1) from a commercial graphite (Bay Carbon). Thermogravimetric (TG) measurements of GO and RGO were performed in a TA Instruments SDT 2960 in air atmosphere at a heating rate of 5uC min 21 . Approximately 10 mg of sample was used in TG measurements. RGO ink was prepared in 2-propanol using ultrasonic bath for several hours until obtain a stable dispersion. The electrodes were prepared by drop casting of consecutively layers of RGO dispersion onto stain steel current collector. The morphology of RGO electrodes was analyzed by scanning electron microscopy (SEM). Images were obtained in a FEI QUANTA 200H scanning electron microscope using secondary electrons, without any cover over the samples. Fabrication and characterization of double layer capacitor using RGO and RTIL. Electrochemical capacitors were prepared in a stacked configuration with two RGO electrodes (prepared directly on stainless steel current collectors) with an ionic liquid layer in-between as an electrolyte. A paper disk separator was used to support the ionic liquid. Electrochemical properties of capacitor were measured by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-dircharge measurements. Electrical measurements were performed in an AUTOLAB PGSTAT 302 N ECOCHEMIE frequency analyzer. CV measurements were performed in different potential windows ranging from 1 V to 4 V with scan rate of 60 mV s
. EIS experiments were conducted using a frequency range from 1 MHz to 0.1 Hz at 0 V with amplitude of 10 mV. Galvanostatic charge-dircharge measurements were obtained at 2.5 V voltage window, using different current densities.
Fabrication and characterization of high temperature double layer capacitor using a new electrolyte based on Clay:RTIL and based on Clay:RTIL:TPU. Electrochemical capacitors were prepared in a stacked configuration with two RGO electrodes (prepared directly on stainless steel current collectors). A layer of clay:RTIL composite electrolyte (or clay:RTIL:TPU 10 wt% electrolyte membrane) was spread out in-between RGO electrodes. No separator is necessary in that capacitor configuration. Electrochemical properties of capacitor were measured by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-dircharge measurements.
